We report the first large, systematic study of the dynamics and energetics of a representative sample of FRII radio galaxies with well-characterized group/cluster environments. We used X-ray inverse-Compton and radio synchrotron measurements to determine the internal radio-lobe conditions, and these were compared with external pressures acting on the lobes, determined from measurements of the thermal X-ray emission of the group/cluster. Consistent with previous work, we found that FRII radio lobes are typically electron-dominated by a small factor relative to equipartition, and are over-pressured relative to the external medium in their outer parts. These results suggest that there is typically no energetically significant proton population in the lobes of FRII radio galaxies (unlike for FRIs), and so for this population, inverse-Compton modelling provides an accurate way of measuring total energy content and estimating jet power. We estimated the distribution of Mach numbers for the population of expanding radio lobes, finding that at least half of the radio galaxies are currently driving strong shocks into their group/cluster environments. Finally, we determined a jet power-radio luminosity relation for FRII radio galaxies based on our estimates of lobe internal energy and Mach number. The slope and normalisation of this relation are consistent with theoretical expectations, given the departure from equipartition and environmental distribution for our sample.
INTRODUCTION
The jets of radio-loud AGN consist of plasma drawn at relativistic speeds from the central regions of the AGN. The plasma is transported into the surrounding galaxy group or cluster where it forms into lobes, which displace the intra-cluster medium (ICM). Cavities carved in the ICM by the lobes have been observed in clusters out to redshifts greater than 0.5 (Hlavacek-Larrondo et al. 2012) , while detailed studies of local sources have shown complex substructures in the ICM (e.g. Karovska et al. 2002; Fabian et al. 2003 ) and shock fronts driven by the lobe expansion (e.g. Croston et al. 2009; Shelton 2011) . These features provide direct evidence that the radio jets are disturbing the ICM on a large scale and transferring energy from the AGN to the ICM. Estimates of the energy required to create the cavities around the lobes, and hence of the energy to be dissipated into the ICM, vary with the method used (e.g. Gitti et al. 2012) , but enthalpies tend to lie between 10 55 and 10 61 erg depending on the richness of the cluster (e.g. Bîrzan et al. 2004 ). This has been estimated to be sufficient to offset the ICM cooling and star ⋆ E-mail: J.Ineson@soton.ac.uk formation that is predicted by evolutionary models but not seen in observations (e.g. Dunn & Fabian 2006; Rafferty et al. 2006) .
The dynamics of the lobes of radio-loud AGN are dependent on their pressure relative to that of the surrounding ICM (Scheuer 1974) . In Scheuer's models A and B the lobes are highly overpressured and so expand at supersonic rates; in model C they are near pressure balance and so expand more gently and are capable of being moulded by the ICM. The latter model is more in keeping with observed lobe shapes, but the tip must remain over-pressured for the lobe to continue to grow and so there may still be supersonic movement out through the ICM.
If the expansion is supersonic, the lobes will input energy through shocks as well as through gas displacement (e.g. Bîrzan et al. 2004; Hlavacek-Larrondo et al. 2012) . Lobe shocks have been seen in some observational studies, and estimates of their Mach numbers range from 1.2 to 8.4 (e.g. Wilson et al. 2006; Bîrzan et al. 2008; Croston et al. 2009; Shelton et al. 2011; Croston et al. 2011; Worrall et al. 2012; Kraft et al. 2012; Nulsen et al. 2013 ). However, in many cases the uncertainties in the methods used to estimate Mach numbers mean that these are likely to be lower limits and so the true values could be higher. The rate of lobe expansion is therefore important in determing heat input c 2016 The Authors into the ICM. Sanders & Fabian (2007) have made a detailed study of ripples propagating through the Perseus cluster, and suggest that 20-40 per cent of the cavity power goes into sound waves which carry the energy outwards from the cavities and heat the ICM. For the more powerful FRII lobes, estimates of the energy input to the environment that are based on cavity volume are likely to underestimate the total energy input much more severely and so the usual pV estimates of cavity power should be taken as lower limits (e.g. Gitti et al. 2012; Hardcastle & Krause 2013; Perucho et al. 2014 ).
The relativistic leptons in the radio jets emit synchrotron radiation across a range of radio frequencies. The total energy emitted depends on both the particle and magnetic field energies, and we cannot separate these factors and determine the internal lobe conditions from just the radio flux observations (e.g. Longair 2011, Section 16.5) . We can however calculate the lobe conditions required to produce the observed flux by assuming that the two factors make similar contributions to the total energy -the assumption of equipartition. This is similar to the minimum energy conditions required to produce the observed flux and so we can obtain a lower limit on the internal lobe pressure (Burbidge 1956 ).
A second source of emission is inverse Compton (IC), where the relativistic particles boost photons in the lobes to X-ray frequencies and above, and this can be seen in X-ray observations of the lobes of many FRII sources. The dominant photon field is from CMB photons in the body of the lobes, with a small contribution from synchrotron self-Compton (SSC) (e.g. Hardcastle et al. 2002) . SSC is stronger at lobe hot-spots, in the knots of FRI jets and very occasionally in small, compact lobes where photon densities and electron energies are higher Kataoka & Stawarz 2005; Hardcastle & Croston 2010) . Some IC emission from nuclear photons has also been observed in a few lobes and when strong this could make an important contribution to the IC emission. 3C 207, for example, has much stronger X-ray emission near the nucleus than in the rest of the lobe (Brunetti et al. 2002) . However, in other potential examples of nuclear emission the effect is not so clearly visible and any contribution to the overall X-ray flux in the lobe is thought to be small (e.g. Croston et al. 2004; Belsole et al. 2004; Croston et al. 2005) .
If IC emission is observed across the lobe, this allows us to estimate the electron density and so gain a better estimate of internal lobe conditions than the assumption of equipartition. A number of observational studies and simulations have considered how the internal conditions of lobes differ from equipartition; their inferred particle content; how their internal pressure compares with that of the ICM; and how energy is transferred from the lobe to the ICM. IC X-ray emission has not been detected from FRI lobes and so their lobe pressures are generally calculated assuming equipartition. These pressure estimates tend to be less than that of the surrounding ICM (e.g. Hardcastle et al. 1998c; Worrall & Birkinshaw 2000; Dunn et al. 2005) which indicates the presence of a population of non-radiating particles to boost the pressure. Croston et al. (2008) looked at the morphologies of a sample of FRI galaxies and found that those where the jets were in direct contact with the ICM showed a larger pressure deficit, suggesting that the additional particles are likely to come from entrainment of material from the ICM. Some detailed studies of local sources (e.g. Hardcastle & Croston 2010; Croston & Hardcastle 2014 ) use Xray observations to obtain upper limits on the lobe IC flux which places limits on the population of relativistic leptons. This population is insufficient to provide the required lobe pressures, suggesting there must also be a significant population of baryons. Measurements of external and internal conditions along the jet show that these are most likely to come from entrainment.
FRII sources tend to be more distant so there are fewer detailed studies, but they also appear under-pressured with respect to the environment when the pressure is estimated assuming equipartition (e.g. Hardcastle & Worrall 2000) . Unlike FRI lobes, however, many FRII lobes show X-ray emission indicative of IC and when this used to better model the electron energy density in the lobes (assuming that the lobes are electrondominated), the lobes tend to appear close to pressure balance with their environment (e.g. Hardcastle et al. 2002; Croston et al. 2004; Kataoka & Stawarz 2005; Croston et al. 2005; Belsole et al. 2007 ). This suggests that the assumption that the lobes are predominantly populated by relativistic electrons is likely to be reasonable; there may still be some lower energy baryons present but they can only account for a small amount of the energy budget (e.g. Hardcastle & Croston 2010) .
There are however two major assumptions made in the synchrotron and IC calculations that we cannot resolve from observations -that the dominant relativistic particles are electrons/positrons, and the proportion of the lobe that is filled by the particles. As discussed by Hardcastle & Worrall (2000) ; Hardcastle et al. (2002) and Croston et al. (2005) , if these assumptions are incorrect then, assuming that the synchrotron-emitting leptons are interspersed with non-radiating particles, the internal pressures of the lobes are likely to be under-estimated. This would result in lobes that are more highly over-pressured with respect to their environment.
As described above, lobe-tip shocks have been observed in some studies, but the temperature variations across the shock can only be isolated for strong, nearby sources. Mach numbers can however be estimated from the ratio between internal and external lobe pressure (e.g. Worrall & Birkinshaw 2006) . This method does however neglect the ram pressure, so Mach numbers obtained in this way should be regarded as lower limits, but, importantly, they allow limits to be set on the energy input from the lobes.
In this paper we report the initial results of an inverse Compton study of FRII radio lobes in which we look at the radio lobe dynamics, look for evidence of energy being input into the ICM, and see whether the ICM in its turn has an effect on the development of the lobes. In Ineson et al. (2013 Ineson et al. ( , 2015 we modelled the large-scale environments of two samples of radio-loud AGN at redshifts ∼0.5 and ∼0.1, and here we use these models to calculate the ICM pressures around the radio lobes of the FRII galaxies in those samples. We then use radio and X-ray observations to measure the synchrotron and IC fluxes in the lobes. These allow estimates of internal lobe pressures and lobe tip Mach numbers to be made for a large, representative sample of FRII lobes for the first time.
Throughout this paper we use a cosmology in which H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7. Unless otherwise stated, errors are quoted at the 1σ level.
SAMPLE
The sample consists of the lobes of the FRII galaxies in the samples of radio-loud AGN at redshifts ∼0.5 and ∼0.1 used in Ineson et al. (2013 Ineson et al. ( , 2015 . Table 1 lists the FRII galaxies used in this study, and their basic properties. The tables are arranged with the z ∼0.1 subsample preceding the z ∼0.5 subsample, and within these subsamples the sources in the individual radio surveys are listed in order of RA.
The two subsamples are as follows:
• The ERA sample (0.4 < z < 0.6) is a subset of the sample used by McLure et al. (2004) , which was taken from the 3CRR (Laing et al. 1983 ), 6CE (Eales et al. 1997; Rawlings et al. 2001) , 7CRS Willott et al. 2003) , and TexOx-1000 (Hill & Rawlings 2003 ) radio surveys. It contains 21 FRII sources ranging from 3.5 × 10 25 to 4.8 × 10 27 W Hz −1 sr −1 in radio luminosity. Of these, 15 are High Excitation radio Galaxies (HERGs) and 6 are Low Excitation radio Galaxies (LERGs).
• The z0.1 sample (0.01 < z < 0.2) was taken from the 3CRR survey (Laing et al. 1983 ) and the subsample of the 2Jy survey (Wall & Peacock 1985; Tadhunter et al. 1993 ) defined by Dicken et al. (2008) . It contains 32 FRII sources (23 HERGs and 9 LERGs), with radio luminosities between 1.2 × 10 25 and 3.3 × 10 26 W Hz −1 sr −1 .
A number of lobes were excluded from the analysis for practical reasons: because the lobe images were incomplete -partially off the chip or lying across chip boundaries; because they were small in angular extent and masked by nuclear emission or by a rich ICM; because the ICM was strong and highly disturbed so the results were highly dependent on choice of background; or because the map was of poor quality or low resolution and the lobe shapes could not be defined with sufficient accuracy. In one case the lobes were so large that they extended well beyond both the maximum detected ICM radius and the R 200 overdensity radius, making estimates of the ICM pressure problematic. Table 2 lists the lobes that were excluded, and the possibility of biases in our conclusions as a result of these exclusions are discussed in Section 5.7.6 below. This left a total sample of 37 FRII galaxies, 14 from the ERA sample (11 HERGs, 3 LERGs) and 23 from the z0.1 sample (19 HERGs, 4 LERGs).
One of the sources excluded because it lies in a disturbed environment, PKS 2211−17 (3C 444), has a surface brightness drop around the lobes. A detailed study of the source (Croston et al. 2011) shows cavities and a temperature drop corresponding to a Mach number of ∼ 1.7. We have included this source in the section where we consider Mach numbers (Sections 5.3) but not in any analysis based on lobe internal conditions. PKS 0625−53 was classified as an FRII galaxy in Ineson et al. (2015) . It was originally classified as having a Wide Angle Tail morphology , and consequently is likely to be an FRI galaxy, but was later listed as an FRII (Dicken et al. 2008) . We have followed Mingo et al. (in preparation) and reverted to the FRI classification and so PKS 0625−53 has not been included in the current sample.
Where possible, we analysed the two lobes from each source separately. However, as discussed in Section 4.1, this was not always possible so for some sources we combined the lobes. The total number of lobes in the sample was 47. 14 were from the ERA sample (11 HERGs, 3 LERGs) and 33 were from the z0.1 sample (26 HERGs, 7 LERGs).
OBSERVATIONS AND DATA PREPARATION

X-ray and radio data
We used X-ray observations to measure the flux produced by IC in the radio lobes. The observations came from Chandra and XMMNewton and were processed during previous studies (Ineson et al. 2013 (Ineson et al. , 2015 . Observation details are listed in Table 3 .
We used radio maps to define the shapes of the radio lobes, so that we could measure the radio and X-ray flux from the synchrotron and IC emission and estimate lobe volume. Again, these maps were used by Ineson et al. (2013 Ineson et al. ( , 2015 , and Table 3 contains details of the radio maps, including references.
ANALYSIS
The aim of the analysis was to investigate the lobe dynamics and particle content by comparing the observed and minimum (equipartition) lobe pressures, and then to use these results to compare conditions within the radio lobes with those of the surrounding ICM. We needed therefore to find the internal lobe pressures, compare them with ICM pressures, and estimate a lower limit on the advance speeds of the lobe tips.
To find the internal lobe conditions, we needed to estimate the lobe volume, radio flux (from the synchrotron emission) and X-ray flux (from the IC emission).
Lobe shapes and ICM pressures
We used the radio maps listed in Table 3 to find the positions of the lobe tips, the mid-point of the lobes and estimate the lobe shapes and volumes. We excluded the nucleus, jets and hot-spots (which will have different electron densities and magnetic field strengths from the lobes) and background X-ray sources. Where possible, we made separate flux measurements and volume estimates for the individual lobes. For the ERA sample, however, the X-ray flux was generally very low so we used fluxes for the combined lobes. Also, for some sources there was no clear division between the two lobes, so again we combined the lobes. Details of the lobes are listed in Table 5 .
As can be seen from Table 3 , we did not have a consistent set of radio maps for the sources in the samples. When possible, we used maps at the lowest available frequency to define the lobe shapes, volumes and excluded regions. However, if the lowfrequency maps were of low resolution, we used higher frequency maps to define the shapes, but checked with the low resolution maps to see if there were any regions of extended flux missing from the higher frequency maps.
We then calculated the ICM pressures. In Ineson et al. (2013 Ineson et al. ( , 2015 , we fitted the ICM surface brightness profiles with either single β models (e.g. Cavaliere & Fusco-Femiano 1976; Jones & Forman 1984) or, when the host galaxy extended beyond the PSF from the nucleus, double β models which take a line-ofsight projection of the single β models fitted to the two components ). Here we used those models to find the electron density at the lobe tips and mid-points. Pressure was then obtained following the methods of Birkinshaw & Worrall (1993) and Croston et al. (2008) , by converting the electron density to gas density and applying the ideal gas law -for this we used the ICM temperatures from Ineson et al. (2013 Ineson et al. ( , 2015 (Table 5 ). The ICM mid-lobe and lobe tip pressures are listed in Table 5 .
These pressures are dependent on the ICM temperature measurements and the β-model fits. Since pressure scales with temperature, errors in the temperature would produce proportionally similar errors in the pressure. The temperatures were obtained where possible by spectral analysis. For the z0.1 sample, these have 1σ errors that are mostly less than 20 per cent of the calculated temperature, with the highest being ∼ 50 per cent. The errors for the ERA sample tend to be larger, with 5 sources at ∼ 50− 70 per cent and one source (3C 427.1) with an upper error of ∼ 1.6 times the calculated temperature. For sources where we could not obtain a temperature from the spectrum, we estimated the temperature using the temperatureluminosity scaling relation of Pratt et al. (2009) . When the spectral temperature was known, the estimate was usually compatible with it so the estimated temperatures are unlikely to be much in error.
For the majority of the sources, the β-models are a good fit to the surface brightness profiles. Thus if the electron density is being estimated within the maximum detected radius of the ICM then it is likely be accurate. This is the case at mid-lobe for all but 7 lobes, and 3 of those are less than 10 per cent beyond the detected radius. 11 lobes have the lobe tip beyond the ICM detected radius (although 4 of these are less than 15 per cent beyond the detected radius). Thus the majority of the density estimates should be estimated well from the surface density profile.
For the lobes extening beyond the maximum detected radius, the density estimates depend on the quality of the fit of the β-model extrapolation. If this is poor then the density could be considerably in error. For 9 of these lobes, the lower 1σ error bound is close to zero. The worst case is 3C 321, which has small lobes with the midlobe position at nearly three times the maximum detected radius, and is also in a sparse ICM with a steep β-model which has errors on both β and the core radius that cover most of their expected ranges. If we replace the β-model parameters for 3C 321 with the median values, which give a much less steep β-model, the density estimate is inceased by a factor of ∼ 7.
To summarise, since the majority of the lobes in our sample lie within the maximum detected radius of the ICM, the errors introduced by uncertainties in the ICM temperature and density should be small. However, ICM pressure estimates for the few lobes lying well beyond the detected radius could be substantially in error.
Radio flux
We measured the radio flux density within the defined lobe shape with the nucleus, jets and hot-spots excluded. For the background, we selected a region of similar length to the lobe in an area of the map close to the lobe but outside the lobe emission.
Since the the commonest map frequency was 1.4 GHz, we used maps at this frequency when available to obtain the radio flux density. When we only had higher frequency maps, we used published flux density measurements at 408 MHz from the Molonglo Reference Catalog of Radio Sources 1 or at 178 MHz from the online 3CRR catalogue 2 . Nuclear and hot-spot emission has not been excluded from these measurements, but the flux measurements at frequencies below ∼ 500 MHz are expected to be dominated by lobe emission for the LERGs and NLRGs. We split the low flux density measurements between the lobes in the same ratio as the flux densities from the higher frequency measurements as was done by Croston et al. (2005) . The frequencies used for the radio flux density measurements are given in Table 6 .
X-ray flux
To obtain the X-ray flux densities, we generated spectra for the lobes using SPECEXTRACT. For the background, we needed to sample regions of the X-ray background and ICM representative of the lobe region, and in some cases, the wings of the AGN PSF. Where possible, we used a rectangle of the same length as the lobe, starting at the same distance from the nucleus as the lobe and extending radially out from the nucleus. This method was suitable for well-defined lobes indented near the nucleus. For small lobes and lobes where the emission spread about the nucleus, we modelled the background using an ellipse surrounding the lobe.
We modelled the IC emission in XSPEC, using a power law coreected for Galactic absorption (WABS(POWER)). We also tried to fit a thermal model (APEC) in case there was a contribution from the shocked ICM, but this only gave an improved fit for one source -3C 452. This source has been studied in detail by Shelton et al. (2011) using an XMM-Newton observation; we obtained compatible results. We then obtained the flux density at 1 keV by refitting the model using the CFLUX component convolved with the power law model.
We assumed for all sources that the electron distribution followed a power law with an electron energy index δ = 2.4 (spectral index α = 0.7) and minimum and maximum energies defined by the Lorentz factors γ min = 10 and γ max = 10 5 . These assumptions are discussed in Sections 5.7.2 and 5.7.3.
For some of the sources with low counts, we could get an acceptable fit from either a power law or a thermal model, but the temperature from the thermal fit was always low -usually less than the ICM temperature -so was unlikely to be a contribution from shocked gas. In these cases we used the power law fit. It is possible that there could be a thermal contribution from the ICM due to incomplete background subtraction, particularly for the sources with lobe emission around the nucleus. Neglecting this could result in the power law normalisation being too high, leading to high flux and internal pressure estimates. We therefore looked at the quality of the background subtraction for a selection of sources with good power law fits, and found only two sources for which we could fit a low temperature background contribution -one of these lowered the flux by slightly more than the 1σ error; the other had a much smaller effect. This suggests that our background modelling was in general good and errors in the modelling should not have much effect on the low count sources.
For many sources, there were insufficient counts to get a good fit for the power law. For these we followed Croston et al. (2005) in assuming a photon index of 1.5. If the photon index from the fit was much different from this we fixed it at 1.5 and fitted the model to obtain the normalisation. If there were insufficient counts to fit the model, we used an unbinned spectrum with the photon index again fixed to 1.5. Finally, if the net counts in the lobe were less than three times the background error we used three times the background error as an upper limit on the counts and again used a photon index of 1.5 to obtain the normalisation. Table 6 contains the radio and X-ray flux densities for the sources, together with details of the power law fits for the X-ray emission.
In all, we obtained a good fit for the photon index for 23 of the 47 lobes, and obtained a normalisation with an index of 1.5 for 18 lobes. We did not detect X-ray emission in the remaining 6 lobes.
Internal lobe conditions
We used the radio and X-ray flux densities, together with the lobe volumes, to obtain the equipartition and observed (inverse Compton) magnetic fields and electron energy densities. For this we followed the method described by Croston et al. (2005) , using the SYNCH code (Hardcastle et al. 1998a ) to find the magnetic and electron energy densities within the lobes. SYNCH models the population of relativistic electrons expected from the input radio spec-trum, calculating the equipartition conditions and the IC X-ray flux expected from the synchrotron and CMB photon fields. Having defined the equipartition conditions, the user can then modify the lobe magnetic field, iterating until the predicted X-ray flux matches the observed flux within the lobe. The electron density from SYNCH then gives the magnetic field strength and internal lobe pressure. The model assumes that the particle content of the lobes is dominated by relativistic electrons: this assumption is discussed in Section 5.1. Table 7 contains the equipartition and observed magnetic fields and pressures within the lobes. The quoted errors on the observed field and pressure are derived from the X-ray flux density error, so do not include the systematic errors discussed below (Section 5.7).
Lobe-tip Mach number
We then used a comparison of the internal and external lobe pressures at the tip to estimate the lobe tip Mach number M using the Rankine-Hugoniot conditions, which are derived from the conservation of mass, momentum and energy across the discontinuity (e.g. Worrall & Birkinshaw 2006) . Using the equation for the speed of sound in an ideal gas, assuming equal pressure throughout the lobe interior, and assuming that the shocked shell surrounding the lobe is in pressure balance with the lobe so that the internal lobe pressure can be used as a proxy for the shocked gas pressure, this gives
where Γ is the adiabatic index (5/3 for a monatomic gas), and P i and P o are the pressures inside and outside the lobe. As noted above, the jet ram pressure is not included in the calculation so M will be a lower limit -this is discussed in Section 5.7.9. In addition, the lobe internal pressure calculations assume that there are no nonradiating particles (e.g. protons) in the lobes. If there were a significant proton population, this would also increase the internal pressure and consequently the Mach number. The Mach numbers are included in Table 7 . The errors were obtained by propogating the internal and external lobe pressure errors, which in their turn come from the X-ray flux density errors and the Bayesian estimates of the ICM β-model parameters (Ineson et al. 2015) respectively.
We have excluded sources with upper limits for the external ICM pressure P o . Note that because nearly two-thirds of the low luminosity LERGs in our original samples are FRI sources, we have Mach numbers for only 6 LERG sources (9 lobes, including 2 with upper limits for P i ).
Jet power
Having obtained the Mach number, we calculated the speed of sound in the ICM using c s = ΓkT m where k is the Boltzman constant, and the particle mass m is 0.6 times the mass of the hydrogen atom (Worrall & Birkinshaw 2006) . This then gives the advance speed of the lobe and, from the length of the jet, an estimate of τ, the age of the jet. Assuming the work done in displacing the ICM is similar to the internal energy of the lobe (Hardcastle & Krause 2013 , the time-averaged jet power is then Q jet ∼ 2E i /τ where E i is the internal energy density of the lobe. Jet powers are listed in Table 7 -the value for each source is the sum of the individual jet powers for that source. The errors were obtained by propagating the internal lobe pressure and the Mach number errors.
The lobe tip Mach number varies during the lifetime of the radio jets -this is described briefly in Section 5.3 and in more detail in, for example, Hardcastle & Krause (2013) -so the timescales calculated here are estimates. More accurate estimates could be obtained by taking into account how the Mach numbers vary during the lifetime of the source.
RESULTS AND DISCUSSION
Deviation from equipartition
Figures 1 and 2 show the ratio between the observed (IC) and equipartition measurements of the magnetic field strengths and of the total internal energies for the sample, with and without the upper limits. The observed magnetic field strength is lower than the equipartition field strength for all sources, suggesting that the lobes contain electron energy densities greater than would be implied by the minimum energy condition. All lobes are however within one order of magnitude of equipartition in terms of field strength with a median ratio of observed to equipartition fields of 0.4. Hardcastle et al. (2002) and Croston et al. (2005) found similar results; we have now confirmed these with a larger, more representative sample.
Similarly, the observed internal energy is higher than the equipartition internal energy for all sources and all the observed energies are within one order of magnitude of the equipartition energies. The median of the ratio of observed to equipartition internal energies is 2.4. As with all the calculations in this chapter, these results assume that there are no protons in the lobes and that the lobes are completely filled with synchrotron-emitting particles. As discussed by Croston et al. (2005) , the relatively close agreement between the equipartition and observed magnetic fields calculated assuming the lobes are dominated by relativistic electrons suggests that the lobes are not energetically dominated by protons. If there were protons in the lobes, the observed internal energy would be higher than the values calculated here and the lobes would be more over-pressured relative to the external environment. Figure 3 shows the observed pressure plotted against the external pressure at the lobe tip and at mid-lobe. Pressure balance is shown as a dotted line. If the lobes are growing they should be overpressured at the tip, and this is the case for all the sources in our sample except 3C 326 (which has the largest lobes in our sample by several hundred kpc, so the external pressure is from an extrapolated β-model). Since the effects of the jet ram pressure have not been included, the internal lobe-tip pressure will be higher than the observed lobe pressure calculated here, and so the observed pressures at the tip should be regarded as lower limits. The true tip pressure could plausibly be above pressure balance for all the sources. Our median lobe-tip pressure ratio of 4.3 lies well within the range found in the simulations of Hardcastle & Krause (2013) ; our spread is greater but we have a wider range of environments than were used in the simulations.
Lobe pressure balance
At mid-lobe, the lobes are distributed about the pressure balance line with a median P obs /P ext of 1.8 -Croston et al. (2005) and Belsole et al. (2007) also found FRII lobes to be near pressure balance at mid-lobe. The lowest ratio of observed to external pressure is 0.18 for 3C 326, which also has the lowest lobe-tip pressure ratio. There are only three lobes more than one order of magnitude above pressure balance. The lower limit PKS 0034−01 (P obs /P ext = 41) has small lobes (42 kpc long) so may be a young source. 3C 321, which has very high pressure ratios of well over 100, has small lobes (50 and 90 kpc long) 280 kpc from the nucleus. It is merging with a neighbouring galaxy and is in a disturbed environment (Evans et al. 2008) . The β-model has steep, poorly constrained parameters, giving very low ICM pressures at mid-lobe and so the extrapolation of the model to obtain the external lobe pressures is likely to be imprecise. As discussed in Section 4.1, replacing the β-model parameters with the median model parameters increases the mid-lobe external pressure estimate considerably. Belsole et al. (2007) had only two LERGs in their sample (3C 427.1 and 3C 200), but found that both of these appeared underpressured at mid-lobe, giving the possibility that LERG lobes contain non-radiating particles such as protons to provide additional pressure. However, although we used the same observations for these sources as Belsole et al. (2007) , we obtained lower external pressures, and although these two LERGs occupy richer environments than any of the HERGs in our sample, our pressure ratios for them do not stand out from the rest of the sample.
The lowest pressure ratio lobes in our sample are also from a LERG source (3C 326), although the pressure ratios of the other LERG sources (except the lower limit PKS 0034−01 mentioned above) lie within the range of results for the HERGs. The median pressure ratios are 1.9 and 0.9 for the HERGs and LERGs respectively and a median test shows no evidence for a difference between the HERG and LERG mid-lobe pressure ratios (χ 2 = 0.7, p = 0.4). Our pressure estimates assume that the radiating particles in the lobes are leptons; the fact that our LERG results do not stand out from the HERG results suggests that the two types of radio galaxy have similar lobe contents, and therefore that the apparent difference in FRI and FRII particle content discussed in Section 1 is related to large-scale morphology and environmental interaction rather than differences in central engine.
Our results therefore show no evidence of a systematic difference between HERG and LERG lobes, but it should be noted that, since the majority of FRII galaxies in our sample are HERGs, there are only 10 LERG lobes (including 3 upper limits) in our sample of 44 lobes.
Lobe tip Mach number
The Mach numbers are plotted in Figure 4 . As mentioned in Section 4.5, these Mach numbers neglect the jet ram pressure. However, we discuss the possible magnitude of the ram pressure in Section 5.7.9 and conclude that it is likely to be small compared with the lobe internal pressure. We therefore regard these Mach numbers as a reasonable estimate of the true value. Our results for 3C 452 are similar to those of Shelton et al. (2011) , who obtained a Mach number of 1.6 for the combined lobes of that source.
The two lobes with Mach numbers greater than 10 are both from 3C 321, which, as mentioned above, has very low, uncertain ICM pressures. Replacing the ICM pressures with pressures estimated using the median β-model parameters reduces the Mach numbers of the two lobes to ∼ 5 and ∼ 7 -still high but not unreasonable. We have not included 3C 321 in any further plots, but all statistics have been calculated with and without 3C 321.
Without 3C 321, the maximum Mach number is 4.8 and the median is 1.8, so the results of our large sample lie within those of the individual and small-sample studies listed in Section 1 -of the eight examples listed there, only two sources have lobes advancing at more than Mach 2. Our median also lies within the range of simulation results of Perucho et al. (2014) for well developed lobes, supporting their choices of conditions.
Magnitude of the Mach number
The majority of the examples in Section 1 are FRI galaxies, with two of mixed morphology and only one pure FRII. It might be expected that the more powerful FRII galaxies should have higher Mach numbers, but both backflowing plasma and changes in jet direction would disperse the jet momentum over a wider region than the jet radius and would reduce the Mach number from that expected for a static jet. Evidence that the latter process is commonplace is found in observations of multiple hot-spots and of offsets between the hot-spots at different frequencies (e.g. Laing 1981; Hardcastle et al. 2007) , and Mingo et al. (in preparation) , looking at the extended emission in the 2Jy sources, found several examples in the sources used in this study.
When comparing the properties of FRI and FRII radio galaxies, it also needs to be remembered that, as mentioned in Section 1, FRI galaxies are thought to entrain material from the ICM with the amount of entrainment being related to the richness of the environment. This introduces a non-radiating proton population, increasing the internal pressure of the jet and resulting in an FRI galaxy having a higher jet power than an FRII galaxy of the same radio luminosity. Thus it is to be expected that FRII Mach numbers will in general be lower than those of FRIs with similar luminosities.
In addition, the expansion speed of a radio lobe will depend on its stage of evolution (e.g. Heinz et al. 1998; Hardcastle & Krause 2013) . The jet extends rapidly in its early stages before expanding sideways as the shocked material at the tip starts to spread. The Mach number is therefore expected to be high for young sources.
For example, the highest Mach number in the examples listed in Section 1 (8.4, Croston et al. 2009 ) comes from the inner lobes of Centaurus A, which are only a few kpc long.
Taking these points into account, it is understandable that the Mach numbers for our mature FRII sample should have a similar range to those observed in local FRI galaxies.
HERG/LERG subsamples
Our HERG subsample has a wider range of Mach numbers than the LERG subsample, and the median Mach number for the LERGs is lower than that of the HERGs. However, a median test does not reject the null hypothesis that the medians are the same (χ 2 = 0.26, p = 0.6), and as mentioned above, this gives us no reason to suppose that the lobes of the two types of radio galaxy should have different dynamics. The difference in range of Mach numbers probably reflects the different distribution of environments (Ineson et al. 2015) .
Particle content
As stated before, these Mach numbers assume that the lobes do not contain protons. The presence of a significant proton population such as is thought to exist in FRI lobes would increase the lobe internal pressure substantially. We therefore looked at the effect of a ten-fold increase in internal pressure on our median Mach number and found that this would raise it to 5.7 -near the top of the range of Mach numbers found in the observational studies listed in Section 1. It is unlikely that our sample median would be so high compared with the Mach numbers calculated from observed shocks, which would suggest that any proton content is low compared with that of FRI lobes.
Mach number and radio luminosity
It would be useful if the lobe dynamics, and consequently energetic input could be inferred directly from the radio and/or environment properties. As a first step we searched for any relationship between radio luminosity and Mach number ( Figure 5 ). The plot shows no sign of a correlation, and this is confirmed by a generalised Kendall's τ test (Table 8) .
Mach number and ICM richness
We then compared Mach number with ICM richness (Figure 7 , left), using the ICM X-ray luminosities from Table 5 . In this case Mach number appears to decline with increasing ICM luminosity for the HERG subsample, while the LERG sources are limited to a band of ICM luminosities at low Mach number. The generalised Kendall's τ tests (Table 8) show a strong negative correlation for both the full sample and the HERG subsample. The correlation is weakened slightly when the uncertain 3C 321 Mach numbers are removed, but is still strong. There is quite substantial scatter -at least some of this is likely to be due to systematic errors which are discussed in Section 5.7 below.
It must be noted however that ICM external pressure was used in the Mach number estimates. As can be seen from the right-hand plot in Figure 7 , lobe-tip external pressure correlates very strongly with ICM luminosity. Since both factors have a dependence on redshift, we used a partial Kendall's τ test to confirm that the correlation was not driven by redshift (Table 8) . It seems likely that lobe-tip external pressure is the factor driving the correlation between Mach number and ICM luminosity. However, ICM temperature is related to ICM luminosity and is also used in the pressure calculations so is a potential confounding factor. Temperatures were obtained wherever possible from the ICM spectrum, but when there were insufficient counts they were estimated using the luminosity-temperature scaling relation of Pratt et al. (2009) . We therefore removed these estimated temperatures from the sample in case they biassed the results; the correlation between Mach number and luminosity was considerably weakened but was still present (Table 8) . Then we checked to see if Mach number was related to the spectrum-derived ICM temperatures. As can be seen from Figure 6 , there is no sign of a correlation. Thus it seems possible that there is a relationship between Mach number and environment richness, but more work is needed to eliminate potential confounding factors.
That there should be some dependence of lobe advance speed on the density of the environment is to be expected and so it seems reasonable that a lobe in a weak environment should advance more quickly than one in a rich environment. However, the environment density reduces with distance from the centre of the cluster. In the simulations discussed in Hardcastle & Krause (2013) , the jet initially extends rapidly and then slows as it starts forming lobes. Then as the jet tip reaches the sparser environment beyond the ICM core radius it speeds up again. Thus even if all other factors remain the same the Mach number will not be constant throughout the life of the radio galaxy. More work is therefore needed to look at how the Mach numbers of jets in environments of different richness change as the lobes grow and age, and how they are affected by other factors such as jet power. If this negative correlation is genuine, it will have contributed to the lack of high Mach number LERGs -since ICM luminosity correlates with radio luminosity for LERGs (Ineson et al. 2013 (Ineson et al. , 2015 and the low radio luminosity LERGs mostly have FRI morphology, the LERG lobes remaining in the sample are for the most part in relatively rich environments and so would be expected to have low Mach numbers.
Jet power
Figure 8 (left) shows jet power plotted against redshift. Since the sample is taken from flux-limited surveys, the strong redshift dependence is expected. Our jet powers, being for FRII morphology sources, lie in and above the upper part of the ranges of FRI jet powers found by Bîrzan et al. (2008) , Cavagnolo et al. (2010) and O'Sullivan et al. (2011) , and have a very similar range to the FRII sample of Godfrey & Shabala (2013) and the lower regions of the sample of powerful FRIIs of Daly et al. (2012) . Of the seven sources we have in common with Godfrey & Shabala (2013) and Daly et al. (2012) , we obtained similar Q jet estimates for all but one source (3C 321 -see Sections 5.2 and 5.3).
In Figure 8 (right) we show the relationship between jet power and radio power. A correlation is expected as the two quantities are not completely independent: the jet power estimates have a complicated dependence on the measured radio flux and redshift. However, we are interested in comparing the jet power measurements and the slope and normalisation of the relation with other methods. We find a strong correlation in the presence of a common relationship with redshift (z = 4.11, p < 0.0001 - Table 8 ). Since there were only two upper limits, we excluded these and calculated the regression line using the BCES regression method (Akritas & Bershady 1996) so that we could include the efect of the calculated errors. This gave Q jet = 5 × 10 39 L 0.89±0.09 151 where Q jet is in Watts and L 151 is the 151 MHz radio luminosity in units of 10 28 W Hz −1 sr −1 . Willott et al. (1999) , assuming the FRII lobes were self-similar and at minimum energy, obtained the relation
where f is a factor expected to depend on the properties of the source and its environment and predicted to lie between 1 and 20. Thus our Q jet − L 151 relationship has a very similar slope to that obtained by Willott et al., but it requires f ∼ 6.5 to match the normalisation. Daly et al. (2012) found a factor of f ∼ 4 for their sample of FRII galaxies, and Turner & Shabala (2015) found that a factor of f = 5 was needed to fit their dynamical model results to the theoretical model.
Since the equation derived by Willott et al. (1999) assumed minimum energy conditions for the lobes, which give very similar total internal energies to the equipartition conditions, we calculated the jet powers resulting from an assumption of equipartition and obtained a regression line Q jet = 2 × 10 39 L 1.0±0.07
151
. The difference in the normalisations of our two relations is compatible with our median ratio of observed to equipartion internal lobe energy of 2.38. The normalisation for our equipartition equation is however still higher than that of Willott et al. by a factor of 6.7 ( f ∼ 3.5).
Another potential contribution to f comes from the viewing angle of the lobes; assuming this is random gives a mean factor of ∼ 1.4 (Willott et al. 1999 ) and reduces the unexplained contribution to f to ∼ 2.5.
At least some of this can be attributed to the environments of the radio galaxies. Willott et al. (1999) use a sample of relatively distant quasars which have relatively rich environments; using a particle density more typical of low redshift FRII galaxies reduces their estimate of the age of the system by a factor of ∼ 0.5, thus increasing the jet power by a factor of 2. Hardcastle & Krause (2013) report a similar dependency on environment in their simulations. Although the slope of their time/jet length relationship eventually matches the slope of the theoretical relationship used by Willot et al, the normalisation is dependent on the properties of the ICM. Willott et al. use a simple power law relationship for the change in ICM density with radius rather than the now more commonly used isothermal β-model, so their time/jet-length relationship does not include the effects of the changes in ICM density profile around the core radius. So for a source with β similar to our median (and to the value of β used by Willot et al.), Hardcastle and Krausse obtained source ages close to the theoretical relationship for their 80 kpc core radius but the age was reduced by almost one- third for a 40 kpc core radius -the median for our sample -which would raise the jet power by a factor of 1.5.
However, the normalisations obtained in the simulations include the effect of the initial rapid growth of the jet, which, as discussed in Hardcastle & Krause (2013) , is not modelled accurately, so this factor of 1.5 may not be accurate. But these simulations do confirm that the jet ages of FRII galaxies in weaker environments than those used by Willott et al. (1999) are likely to be shorter than their theoretical prediction and so will contribute to our higher normalisation of the Q jet − L 151 relationship. Also, since our core radii cover a wide range (see Table 4 ), the differences in the distance that the jet travels before the ICM density drops will contribute to the scatter in our relationship.
Our estimates of jet age are based on the current Mach number of the lobe tip and so do not take into account either the early growth of the jet or the variations due to the ICM density profile. Nevertheless, our estimates of jet power from lobe internal energy and lobe-tip Mach number produce a Q jet − L 151 relationship that is similar to the theoretical relationship developed by Willott et al. once the effects of the higher electron energy densities and the different richness of the ICM environments have been taken into account.
We caution that radio luminosity is only expected, from numerical modelling, to be roughly constant with time once the source has grown to a size comparable to the host environment core radius (e.g. Heinz et al. 1998; Hardcastle & Krause 2013; English et al. 2016) . During the early stages of a source's evolution the radio luminosity must necessarily depend on source age as well as jet power. The nature of our selection means that we are biased against small, young, faint sources and so we would expect to recover a simple jet power/radio luminosity relationship in our sample.
Lobe volumes
Finally, we compared the length and volume of the radio lobes. If the lobes are self-similar, V ∝ L 3 where V is the lobe volume and L its length (Kaiser & Alexander 1997) ; if however the lobes are being partially modified and constrained by the ICM, then selfsimilarity would be broken (Hardcastle & Krause 2013) .
The average lobe length and volume for each source are plotted in Figure 9 . Note that 3C 321, which has two small lobes a great distance from the nucleus, has been excluded -the ratio of lobe length to lobe tip distance for the rest of the sample ranges from 0.18 to 0.25 whereas those for the 3C 321 lobes are 0.05 and 0.08. There is a clear correlation between the two factors. The errors are unknown but are present in both factors, so we calculated Ordinary Least Squares (OLS) regression lines for both volume vs length and length vs volume and took the bisector (Isobe et al. 1990 ) -this gives V ∝ L 2.51±0.02 . The three regression lines are shown in Figure 9 . They all have a slope of less than 3 which suggests the lobes deviate slightly from self-similarity. Departures from self-similarity have also been reported by Mullin et al. (2008) , who found that the axial ratio reduces with increasing lobe length. This result fits with our previous results showing that the lobes are only partially over-pressured, and once again supports Model C from Scheuer (1974) . It also supports the simulation results of Hardcastle & Krause (2013) .
Implications
As found by other researchers (e.g. Hardcastle et al. 2002; Isobe et al. 2002; Croston et al. 2004; Isobe et al. 2005; Kataoka & Stawarz 2005; Croston et al. 2005) , the internal energies and pressures of the lobes are near but slightly above equipartition, reflecting the contribution of a higher electron density than required by the minimum energy conditions. If there were a sizeable population of non-radiating particles in the lobes, as typically seen in FRI radio galaxies (e.g. Croston et al. 2008) , we would expect a larger departure from equipartition (e.g. the electon energy densities in FRI lobes are typically a large factor below equipartition). The lobes were all within one decade of equipartition, which suggests both that there is not a large population of energetic protons and that the filling factor must be close to unity. Importantly, this means that (i) inverse-Compton analysis provides a reliable measure of the total internal energy for individual FRII radio galaxies, and (ii) for samples of FRII radio galaxies without X-ray data, the total energy (and magnetic field strength) can be estimated reliably from radio observations alone, by assuming the typical departure from equipartion measured here (∼ 2.4 in totall energy density and ∼ 0.4 in magnetic field strength). Our measurements of the pressure ratio between the lobes and the environment provide a test for dynamical models of FRII evolution, as well as enabling a population-wide estimate of jet energetics. The pressure difference between the lobes and their environment is important both for the advance speed of the lobe through the ICM and for determining the shape of the lobe. The fact that the lobe is near pressure balance with its environment means that the ICM can influence the shape of the lobe. The relatively high density in the inner regions of the cluster will compress the lobe near the nucleus, separating it into the familiar double system and supporting model C in Scheuer (1974) . Lobes near pressure balance can also be moulded by variations in the ICM, giving disturbances and asymmetries that are again familiar in observed systems. Given these observational results, the departure of our lobe length/volume ratio from that predicted by self-similar theory (Kaiser & Alexander 1997 ) is to be expected. A useful consequence of the lobes being near pressure balance is that the lobe internal pressure can be estimated from the external pressure at the lobe mid-point if IC flux is not available for a more detailed calculation. The relationship between lobe tip Mach number and environment richness gives evidence of the lobe expansion being affected by the ICM, which could suggest that the amount of energy being inserted into the ICM for a given jet power is also affected by its richness. However, the simulations of Hardcastle & Krause (2013) suggest that although the Mach number is lower in a rich environment, the shock front spreads further round the lobe tip and so is physically larger. Thus they find that for jets of the same power, the amount of energy being input into the ICM is near independent of the richness of the environment. Our results will provide a useful benchmark for more detailed investigations of how the energy input is distributed within the ICM for different populations of radio galaxies.
One reason this is important is because the space density of high excitation radio galaxies (predominantly FRIIs) increases with redshift (Best et al. 2014) , with an increasing radio-loud fraction in lower mass galaxies at earlier times (Williams & Röttgering 2015) . The cumulative energy input into groups and clusters from such episodes is not well constrained, but may play a role in explaining the observed properties of the ICM: it is well established that scaling relations for galaxy clusters do not follow the self-similar relation predicted for purely gravitational heating (e.g. Edge & Stewart 1991; Markevitch 1998; Pratt et al. 2009 ). This indicates a need for processes such as AGN heating to break the similarity by affecting low-mass environments more strongly; however, the locations, mechanisms and evolution of this energy input is uncertain (e.g. Short et al. 2010; Fabian 2012; Pike et al. 2014) . Radio surveys such as LOFAR will soon make it possible to study more typical radio galaxies at the epoch of group and cluster formation, but inferring the impact of those populations on their environments will require well-calibrated dynamical models or scaling relations that take into account the effects of environment. Our combined mea-surements of FRII internal conditions and environment provide important constraints for these models.
The facts that we found a strong correlation between jet power and radio luminosity and that our relationship reflects the theoretical relationship of Willott et al. (1999) are encouraging. We estimated jet power using a new, independent method based on the internal lobe conditions and the lobe advance speed; the correlation was strong even when the common distance dependence was taken into account (see Godfrey & Shabala 2016) . This method is applicable to FRII galaxies in their later stages, where the particle content can be assumed to be dominated by relativistic leptons and the lobe tip is overpressured with respect to its environment, advancing with supersonic or near-supersonic speeds. It could provide a better estimate of the jet power/radio luminosity relationship for this population of radio galaxies than is currently available, which may be of use in estimating the impact of the high redshift HERG population on the environment.
Systematic uncertainties
We made a number of assumptions and approximations during the calculations which could impact on our findings. The following section looks at the likely size of the effects.
Lobe volumes
Since the electron density scales with lobe volume (V −4/7 , Hardcastle 2004 -assuming an electron energy index of 2), a potentially large source of error is the definition of the lobe shapes and the consequent flux measurements and volume calculations. We used the same shapes and exclusions for both the radio and X-ray flux measurements, and subtracted any exclusions from the total volume. However, the shapes are of necessity simple, 2-dimensional shapes approximating a complex, 3-dimensional structure, which gives scope for large inaccuracies.
We looked at the difference in using a cylindrical lobe instead of ellipsoidal for 3C 452; this increased the volume by 50 per cent and reduced the observed pressure by 30 per cent. Using an ellipsoidal lobe instead of cylindrical for 3C 35 reduced the volume by 40 per cent and increased the observed pressure by 60 per cent. An increase or decrease of 60 per cent in the observed pressure would, for example, increase/decrease a Mach number of 5 to 6.3/3.2 or a Mach number of 1 to 1.2/0.7. Because the size of the change decreases with Mach number this is unlikely to make a significant difference to the results. Note that both these tests gave a visibly poor fit to the radio lobes so are likely to be over-estimating the true uncertainty.
We also looked at the effect of inaccuracies in exclusion sizes by doubling and halving the exclusion volume estimates for four sources. The exclusion volumes ranged from 5 per cent to 15 per cent of the total lobe volume and gave similar percentage changes in the observed pressure. A 15 per cent increase/decrease at Mach 5 would give a Mach number of 5.4/4.6, with the size of the change reducing with Mach number.
Low-frequency spectral index
In previous inverse Compton studies (e.g. Hardcastle & Worrall 2000; Hardcastle et al. 2002; Croston et al. 2005) , the electron energy distribution at low frequencies has been assumed to be a power law with an index of δ ∼ 2, steepening to δ ∼ 2.5 above a break frequency and then dropping exponentially at the cut-off frequency, following the theoretical work of Heavens & Meisenheimer (1987) . However, recent observations have allowed the low energy electron index to be measured down to ∼ 30 MHz for some sources (e.g. Harwood et al. 2013 Harwood et al. , 2015 Harwood et al. , 2016 , giving a steeper index more in line with the 178− 750 MHz spectral indices for the 3CRR sample 3 . We therefore used an electron energy index δ = 2.4 (spectral index α = 0.7) to calculate the equipartition and observed lobe fields and energy densities for all sources.
If the index is too steep, the energy density (and consequently the internal lobe pressure and Mach number) will be overestimated. We looked at the effect of a lower spectral index on the mid-lobe pressure ratio and Mach number for seven of the 3CRR sources with ratios of observed to external pressure ranging between 0.5 and 12. We found that reducing δ to 2.0 reduced the pressure ratio by 25 per cent to 30 per cent. A decrease of 30 per cent would change Mach 5 to Mach 4.2 and Mach 1 to 0.9. As with the volume changes, if we have over-estimated the electron index it is unlikely to have much effect on the results.
If the index is too shallow, then the energy density will be underestimated. Harwood et al. (2016) found the spectral index for one of our sources, 3C 452, to be 0.85 (δ = 2.7) and calculated the energy density for the combined lobes to be ∼ 3 × 10 −12 J m −3 -about three times higher than the energy densities we obtained using δ = 2.4. We recalculated our energy density for 3C 452 using δ = 2.7 (although not changing the other radio data in our calculations to match those used by Harwood et al. 2016) , and this gave an energy density of 2 × 10 −12 J m −3 , much closer to the value found by Harwood et al.
We therefore estimated the low frequency spectral index α for 5 of our sources which did not have strong radio emission from the nucleus, jets and hot-spots. For this we used published low frequency flux densities (at 178 MHz 4 or 408 MHz 5 ) together with the flux densities obtained from the radio maps used in this study (ranging between 0.6 to 4.8 GHz). α ranged from 0.77 to 0.94, well within the range of low frequency spectral indices published for the 3CRR sample. Our spectral indices give δ from 2.5 to 2.9, all higher than the value of 2.4 used in our analysis. A steeper index gives a higher internal lobe pressure and consequently a higher Mach number -for the source with the highest electron index (3C 472.1), the Mach number increased from 1.1 to 2.3.
The choice of electron energy index could therefore have a fairly large effect on the calculation of lobe internal energy density and pressure, and consequently on the Mach number. However, if all the indices are higher than 2.4, as with our test cases, then all internal pressures and Mach numbers will be higher than estimated here and so the overall study results will remain the same. Since our Mach numbers cover a similar range to those in the studies cited in Section 1, it seems unlikely that the indices sufficiently far in error to make a big difference to our results.
Maximum and minimum energies
We followed Croston et al. (2005) in using Lorentz factors of γ min = 10 and γ max = 10 5 to define the minimum and maximum electron energies for the inverse Compton calculations. As discussed by Croston et al. (2005) , it is the low energy population of electrons that scatter the CMB photons (which are responsible for the bulk of the lobe X-ray emission) to the observed X-ray frequencies, so varying γ max makes little difference. They chose the conservative value of γ min = 10, an order of magnitide lower than had previously been observed in hot-spots, but found that varying it between 10 and 1000 gave the same results to within the 1σ errors.
Radio observation properties
There was no consistent set of low-frequency radio maps for the sources in the samples. Since the commonest map frequency was 1.4 GHz, when possible we used these to obtain the flux density. For sources with maps at a higher frequency than 1.4 GHz, we used published flux density measurements at lower frequencies as listed in Table 6 , since the lower frequencies were less likely to be contaminated by nuclear and hot-spot emission.
There were also differences in the resolutions of the radio maps, which could have an effect on the definition of the lobe shapes. In particular, high resolution maps are likely to have a small LAS and miss regions of diffuse gas.
Two-thirds of the radio observations fell into two groupsthose with 1.4 GHz observations and resolutions between 1-5 arcsec (21 lobes) and those with 5 or 8.5 GHz observations again with resolutions between 1-5 arcsec (10 lobes). These two groups had almost identical ranges of source size (40 to 300 kpc) and similar medians (150 and 167 kpc respectively). We then looked at the ratio of observed to equipartition magnetic fields (B obs /B eqp ). The 1.4 GHz subsample contained both the maximum and minimum B obs /B eqp from the full sample (median 0.40, range 0.07-0.83). The high frequency subsample had a median B obs /B eqp of 0.47 and a range of 0.24 to 0.67. A Kolmogorov-Smirnov test showed that there was no significant difference between the two distributions (D = 0.39, p = 0.16). Thus for the bulk of our sources the difference in frequency does not seem to be a problem.
Of the remaining lobes, five had 1.4 GHz observations at resolutions greater than 10 arcsec. These were large sources with lobe lengths from 290 to 1330 kpc. Their B obs /B eqp ratios were however similar to those of the two higher resolution samples (median 0.39, range 0.22 to 0.65). All but one of the remaining sources had frequencies and resolutions lying between those of the three groups already described. Their lobe lengths range between 67 and 310 kpc and their B obs /B eqp ratios have a median of 0.40, range 0.25 to 0.57. Again, there is nothing to distinguish their results from those of the other sources. The final source has low map frequency (610 MHz) and resolution (30 arcsec) and is large (550 kpc) but the B obs /B eqp ratio is near the median (0.41).
Overall, it seems unlikely that the range of frequencies and resolutions used in this study had much effect on the results.
Lobe viewing angle
We do not know the viewing angle of the radio lobe. In standard unified models (Barthel 1989; Hardcastle et al. 1998b ) Narrow Line Radio Galaxies (NLRGs) have viewing angles of greater than ∼45 • ; Broad Line Radio Galaxies (BLRGs) and Quasars (QSOs) have viewing angle of less than ∼ 45 • . A small viewing angle will decrease the apparent volume of the lobe, increasing the calculated energy density and the observed lobe pressure. However, reducing the viewing angle also reduces the angular distance to mid-lobe and the lobe tip, so the ICM density will also be overestimated.
We looked at the effect of viewing angle on NLRG 3C 98 (N lobe) and BLRG PKS 0945+07 (W lobe). For 3C 98, we assumed a viewing angle of 45 • and recalculated the volume, ICM pressures and lobe observed and equipartition pressures. This brought the lobe nearer equipartition (P obs /P eqp reduced from 3.1 to 2.6). The pressure balance was increased (by 16 per cent at mid-lobe and 13 per cent at the lobe tip). This size of change had only a slight effect on the Mach number, raising it from 4.1 to 4.4.
For PKS 0945+07 we assumed a viewing angle of 20 • . Again, the effect of increasing the volume estimate brought the lobe nearer to equipartition (P obs /P eqp reduced from 5.7 to 3.2). In this case the pressure balance was almost unchanged, with the Mach number changing by less than 1 per cent.
The relative changes in lobe and ICM pressures will depend on the environment richness and shape -both 3C 98 and PKS 0945+07 have β-model parameters below the median so the ICM pressure will drop more slowly than for a steep β-model source. We therefore looked also at 3C 285, an NLRG with a β-model that is steeper than the median. The changes were smaller than for the shallow model, with only a 4 per cent increase in pressure balance at the lobe tip. We therefore agree with the conclusions of Hardcastle & Worrall (2000) and Croston et al. (2004) that the viewing angle has a similar effect on the calculated pressures in the lobe and the ICM. It will therefore have only a small effect on the calculation of the pressure ratios and Mach number.
Excluded lobes
As mentioned in Section 2, results could not be calculated for a number of lobes. There were two main reasons for exclusion:
a) The lobes were so small in angular extent that they were masked by nuclear and/or central ICM emission. These lobes were either very young, in which case they may still be evolving rapidly and not be representative of the population of stable lobes (e.g. Hardcastle & Krause 2013), or they are at a shallow angle to the observer. In the latter case, the sample is large enough that it is unlikely that the lobes are different from the rest of the sample. A large lobe, 1 Mpc for example, at a viewing angle of 20 • would still appear more than 300 kpc long. The largest of our excluded lobes was 75 kpc; even at a pessimistic viewing angle of 20 • the lobes are still only ∼200 kpc long and so we were not excluding scarce large lobes.
b) The lobes were only partially on the observing chip, or, in one case, were over a 4-chip join. These lobes are likely to be amongst the largest in angular extent, and potentially in physical extent and so might bias the sample. Of the five sources with offchip lobes, only one had both lobes off chip so all the others had their second lobe in the sample. The source with both lobes offchip was the largest of this group of excluded sources with lobes of ∼1 Mpc, but it also lay in a very weak ICM with upper limits on the external pressure so we could not have calculated the Mach number for this source.
We also excluded 3C 236 because the lobes were so large (2.7 and 1.9 Mpc) that we did not trust the extrapolation of the ICM β model to provide the pressures. This is by far the biggest source in the sample -the next largest lobe is 1.3 Mpc long. In all, only three of the 39 lobes for which we could calculate Mach numbers were longer than 0.5 Mpc, and only one lobe was longer than 1 Mpc. There is therefore the possibility of bias against large lobes; having said that, we have Mach numbers for lobes from 40 to 1300 kpc long, which is a wide range of lobe sizes, and the few large lobes in the sample do not stand out as being different from the rest of the sample.
Environment measurements
A potential problem with the measurements of the external environment comes from the extrapolation of the β model beyond D rad for the ICM pressure calculations. There were 10 lobes where the lobe tip position was further from the cluster centre than D rad . These all have environments with poorly constrained β models and so their external pressures have large errors. 3C 321 has the largest lobe-tip distances in the sample and was discussed in Section 5.3 -its lobes have unreasonably large Mach numbers and all statistics were calculated with and without these two lobes. 3C 326's lobes have the lowest Mach numbers (0.7) -again these are large lobes so extrapolation from an inaccurate β model could be overestimating the ICM pressure. 3C 33 has relatively small lobes but is in a weak environment. Its Mach numbers are quite high (4 and 3.5) but reasonable for such a weak environment and there are two others higher. The other 4 lobes all have Mach numbers near the median and so do not stand out in any way.
We are again a little concerned at possible errors involving large lobes -the highest and lowest Mach numbers come from the largest sources in the sample -but do not think that the overall results will be much affected.
ICM temperature variation
As discussed in Ineson et al. (2013 Ineson et al. ( , 2015 , the ICM temperatures used in the analysis were an average temperature taken across a wide radius. Thus they are representative of the overall temperature, and not the temperature at a specific point in the profile. We had very few sources with enough counts to generate a temperature profile. Typically, temperatures rise steeply from the cluster centre to a peak about 20 per cent higher than the average temperature (e.g. Rasmussen & Ponman 2007) . This occurs at a radius of 0.1R 500 for groups, rising to 0.15R 500 for groups and clusters with average temperatures of ∼ 2 keV and above. The temperatures then fall gradually, reaching about two-thirds of the average temperature by R 500 . We may therefore be over-estimating the external pressure at the lobe tips, and consequently under-estimating the Mach number.
This sample of radio lobes cover a wide range of sizes. The median radii of the mid-points and tips are at about 0.2R 500 and 0.4R 500 respectively. At these radii the temperature is very similar to the average. Only one lobe has its mid-point beyond R 500 -this is 3C 326, and the β-model extrapolation for that radius gives a 1σ lower bound close to zero. There are 7 lobe tips from our sample of 47 that extend beyond R 500 (including 3C 326). Of these, 5 have such large errors from the β-model extrapolation that any pressure variation due to temperature is small in comparison; the other two have 1σ errors of a similar size to the expected change in pressure from the temperature variation. We may therefore be under-estimating the Mach number for these sources, but it is unlikely that the temperature variation with radius will have any effect on our overall results.
Jet ram pressures
We neglected the jet ram pressure when calculating the Mach number, and so it is useful to ask whether the Mach numbers are underestimated. The momentum flux up the jet always provides an additional pressure term, but the standard assumption is that it is distributed over the whole leading edge of the lobe, both by local hydrodynamic effects and by the fact that the jet termination probably moves about in the lobe as discussed in Section 5.3. The ram pressure exerted by the jet on the end of the lobes is therefore lower than the ram pressure on a test surface within the jet by a large factor -the ratio of the lobe cross-sectional area to the jet cross-sectional area.
We estimated ram pressures for some of the lobes from the jet power Q jet , jet velocity c (the speed of light, assuming a light, relativistic jet) and surface area A of the lobe tip, using P ram = Q jet /(cA). This is extremely sensitive to the area estimate, so we only looked at lobes where the map quality and resolution were good and the lobe shape was not complex -this left 11 lobes for which we could estimate the area of the lobe tip (the Mach numbers ranged from 0.7 to 4.8). For cylindrical lobes, we used the flat area of the cylinder end, and for elliptical lobes we estimated the surface area of the forward end of the ellipse pushing into the ICM. The highest ratio of ram pressure to internal lobe pressures was 0.06, suggesting that including ram pressure in the Mach number calculations would have little effect.
Overall effect of systematics
Overall, the estimates of lobe volumes and the assumption of a constant low-frequency spectral index are likely to be the biggest sources of error in the results. Improved lobe volume estimates will need better resolution low-frequency radio maps, but it would be possible to make estimates of spectral indices where data are available, look at the overall variation and make a better assessment of the impact of the assumption of a constant index of 0.7. However, the strength of the main results is such that it is unlikely that any of the systematic errors described here will modify them significantly.
CONCLUSIONS
We have carried out the first comprehensive X-ray study of a large representative sample of the lobes of FRII radio galaxies, at redshifts 0.1 and 0.5. We used measurements of X-ray lobe inverseCompton emission to determine the internal pressures within the radio lobes, and compared them with the equipartition (minimum energy) values, and we determined the external pressures acting on the radio lobes from the thermal X-ray emission from the ICM, which was characterized for this sample in Ineson et al. (2015) . These results were used to investigate the lobe dynamics, estimating the Mach numbers for lobe expansion, and estimating the jet power for each source based on the measured internal energy and inferred expansion speed.
Our main conclusions are:
• All lobe internal energies are higher than those predicted by equipartition (in the absence of protons), but all are within one order of magnitude of the equipartition prediction. This is consistent with previous studies, and demonstrates a clear difference in how the internal energy is distributed between particles and field compared to the FRI population, which requires a substantial proton population.
• Almost all lobes were calculated to be over-pressured at the tip compared with the ICM, as expected for expanding lobes;
• Lobe pressures at mid-lobe were near pressure balance with the ICM (within one order of magnitude of the ICM pressure for all but three lobes), allowing the ICM to shape the regions of the lobes near the nucleus as they expand outwards;
• Lobe tip Mach numbers were below 5 for all but one source, with a median of 1.8. Given that the Mach numbers are lower limits, it is likely that at least half the sample are driving strong shocks into the ICM;
• We found a jet power -radio-luminosity relation whose slope is in good agreement with the relation of Willott et al. (1999) , with a higher normalisation, broadly as expected given the departure from equipartition and distribution of environments we find for our sample.
Overall, these results provide a useful step towards characterising relationships between the properties of FRII radio galaxies and their environments and will be helpful for developing theories of galaxy and cluster evolution and for calibrating simulations. Column 1: source name; Cols. 2-3: right ascension and declination, J2000 coordinates; Col. 4: redshift; Col. 5: angular scale; Col. 6: 151 MHz radio luminosity; Col. 7: radio-loud AGN spectral class; Col. 8: AGN morphology; Col. 9: Column density. a S = fitted index, C = fitted index from combined lobe spectra, F = fit with fixed index, M = modelled with unbinned data, U = upper limit N is sample size; τ is the correlation statistic; σ is the standard deviation; p is probability under the null hypothesis.
